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(HTRODUCTION
“he objective of the work performed under this grant wzs

~udy the technology and usefulness of silicon-on-sapc-’-

i
[

z~iz2| for fabrication of Schcttky-barrisr field~affecr
~sistvors suitable for use in the lower microwave freguz-cy
ze. -

Ouring the grant period, three technologies for the
rication of SOS MESFET's (SOSFET's) and their integraticr

microwave subsystems were developed. Work is continui-:z

The most promising of these technologies. Each techncizz:

2

found to have a singular advantage in either fabricatic:
>licity, potential for large drain-gate breakdown vol+zc=
: therefore for high power devices) or maximum cperati-¢
cuency. All technologies developed are based on stanczrz
icon IC processing technigues, making use of self-alic-ne-+T
iateral diffusion to reduce demands on photolithograz-.,

allow for easy integration of standard microwave IC

~-2d elements on insulating substrates.

)
[

“his work was stimulated by a theoretical prediction

. ] P )
- microwave performance by these devices &) and by t-

h

'ving need for large quantities of very ldw-cos* tran:z-

‘rzceive modules operating in the lower microwave frecz.z-zy

s, iOr such systems as strategic and tactical phased

w

R A L

SR

fiwe




t1. PROCESSING TECHNOLOGY

Three means of fabricating SCSFET's were explored:
i) A three-mask short-channel process on thinned
SOS doped during growth fo 1EI7 donors/cm3
ii) A recessed-gate process using an ion-implanted

channel.
iii) A planar process using an ifon-implanted channel

that exploits lateral diffusion to achieve short

channel lengths.

i) Uniformly Doped SCS Process. This process is simple

enough to allow anyone with relatively simple facilities to

make MESFET's with reasonably good electrical characteristics.

An outline of the process for this device is given in Figure
f. The starting material was 300nm thick (100) silicon doped

during growth with phosphorus to a level of 5-10E16/cm>.

This material was supplied by the Union Carbide Co., Electronic

Materials Division. The silicon was thinned to 200nm by
briefly etching in a solution of nitric acid:acetic acid:

HF::90:7:3. Undiluted AzI1350J positive photoresist was spun

on to a thickness of |.6 microns and the image of the MESA

mask was projected onto the wafer using a Kesper 10:1 reduc-
tion aligner, although contact alignment alsc is feasible.
After etching the mesa with the same soluticn as that used
for thinning, the | micron x 200 micron by 250 nm thick
aluminum GATE was defined using liftoff. The gate was

sintered in Hz at 500C for 7 minutes. Finally, AuSb ohmic
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source and drain CONTACTS, senarated by 5 microns, wera
cefined, again using liftofi. A final sinter was dons ir 4,
T 280C for 7 minutes; this iow temperature was necessary +o
zvcid gold ball-up.

Figure 2 shows the general layout of all of the ME3ITE~'g
70 be discussed. The DC drain characteristics of the unifornmly
Zoped SOS device are shown in Fig. 3 for 100 micron gate «idth
{i.e., single gate operation). The observed transconcductzancs
was 42 ms/cm at Vg = 0V, Vds = 5V and the observed pinrcho*¥
voltage was -3.0V., The reverse bias gate leakage at -!12V was
i0 microamperes; forward bias current as 400 mV was aiso i0
nicroamperes. The gate capacitance Cgs of this devics wes
calculated(2) to be approximately .075pf which results in a

cutoff frequency fT = gm/2 Cog ° 900%Hz. This value of F.

is considerably lower than That predicted by an exact twc-

[{e]

dimensional device simulation for a one micron gate davicaz (I).
The discrepancy is attributaeble to the large source-drzin
spacing, which led to large source and drain parasitic

resistances, and to a relatively small low-field mobi'i+y
(about 250 cmz/v-sec) in *he thin S0S layer, which le?d +c a
low transconductance.

ii) Recessed Channel S2S Process. This four-mas< >rocess

%8s developed to explore technologiss to increase drain treak-

down voltage for power devices; anc to reduce channe! i=zact
icnization for low-noise cevices. An outline of the —zc--ology
for this process is shown ia Figure 4. The channel w2z <ormed
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5v implantation in*to a 500nm layer of intrinsic 50S. The

implant profile kept the electron transpor® awz2v from botn

the silicon surfacs and silicon:sapphire i-~tarfzce. 150nm
27 undoped SiC  fi'm (Silicafilm) was spur - ~~2 50S at

X
3000 rpm and densified for |5 minutes at 752C in nitrogen.

A source and drain DIFFUSION photolithograzahy s*ep opened
windows in the oxide after which 100nm of phosphorus-doped
(CO=SEZO/cm3) glass was spun on the wafer. The diffusion

was done at 900C for |0 minutes in nitrogan. A SIMS analysis
of the diffusion profile is compared to a SUPREM simulation
for bulk silicon in Figure 5. The measurss phosphorus pro-
file impltes that +the diffusion coefficient is much larger in
S0S than in bulk silicon; in addition, this ccefficient varies
markedly with depth. The effective sourcs-drain spacing,
after diffusion, was about four microns. After the diffusion,
the oxide was etched off the wafer. The chanrei RECESS

mask image was then exposed in photoresis® +that had been dipped
in toluene for two minutes prior to develoosment. The toluene
hardens the surface of the resist, resulting in sharper |ift-
off edges, as will be explained below.

The wafer was then ion milled in argen a2t 200V accelesrator
potential for 8 minutes to give a 150nm recsss in the silicon.
60nm of wet oxide was grown over the entire surface after
the photoresis*t hzd been stripped, to bo*n rsrcve the milling
damage and keep tae chennel surface clea~ curing “he following

step.
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The ¢cxiz2 over Tre millad ragicn *urnsd out about I18rm
Tnicker ~hz- *that cvar the iavtrinsicz siltizcon. It shou!d 52
~oted tn3T T was noT possiblis tc form oa good Schottky oarriasr
cate on un--2ated ion-milled silicon 2s tne milling introcducad

an2i

[§}]
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2 large density of surface states which prevented the ch
from being *otally depleted befors reverse-bias breakdown.

The phosphorus channel implant was performed at 160KeV
with a dose of l.SElZ/cm2 followéd by an activation anneal 2zt
750C for 30 minutes. Figure 5 alsc shows the implanted channel
profile as predicted by SUPREM. A “ESA photolithography
and etch step defined an oxide mask a2gainst anisotropic silicon
etching in 85% hydrazine at 70C for about 4 minutes. After
the oxide was removed, the source, drain and gate aluminum
METALLISATION was defined by lift off. The wafer was sintered
at 500C fcr~ 7 minutes in hydorgen. A micrograph of the finish-
ed device is shown in Figure 6.

During development of this device the lift-off technique
for the A' gate was improved by a2 two-minute dip of the exposed
but uncdeveloped photoresist (Shipiey AZ1350J) in toluene.
Figure 7 shows gate images in AZI320J both without (a) and
with (b) 2 two-minute dip in toluene prior to development.
The imace in resist that was socaked prior to development has
3 sharser adge near the resist surface, giving a clean lif+
off. The resultant gate length, nhowaver, is larger than tnat
sbtainad wnen no soaking occurs.

Fisure 3 shows the drain characteristics of the recessed

channe! transistor. The g a3t VvV, = CY, V, = 5V was {30 m3/cm
b
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v2i~age would be -1.5V.

Z.73Hz
- oL

zsvice may not be necessary in all cases. Therefore,

he increased process complexity of the recesssc

with no parasitic scurce-drain leakage, *the pinach <+
p ’ P

The ff was calculated to be z=ou-

O
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i~>lanted/diffused planar process was developed.

iii) Planar SOS Process. This three mask process vie. ded

T~z best observed Sm of the three processes describsd. A-
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line of the process used for this device is shown in

ure 9. Undoped SiOx was spun on the wafer, after whizh

source and drain DIFFUSION windows were opened in the

Ze using fon milling

ncing. Doping of the source and drain was done at 23CZ for

minutes using spun on phosphorus doped SiOx. ‘The Si3x was

to preserve the required sourca-¢-ain

n removed and 60 nm of wet oxide was grown at 900C. A

sphorus channe! implant (same parameters as in i) wes

cilowed by an activation anneal. The MESA was then ion

~ililed with a photoresist mask produced by defocussing th2

‘mz2ce projected onto the photoresist; the slopes of tre
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z
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-z~
L s\

ree of defocus. The
mesa by a 16 minute

! The source, gain

Z00C for 7 minutes.

veloped photoresist edges could be varied by varying *+h=

photoresist edge was transferrsd to
ion mill at 500V accelerator zots--

and drain METALLISATION was defi-~2d

ing lift-off of a2luminum and the wafer was then sin-zrss

A gate length of 700 nm was achieved using {ift-c¥F o

nm of aluminum and

.6 micron of AZ!1350J) photoresisy.
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‘e axtesure tims of the projecticn aligner was 2djustad such

!
|
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e —— e}
meenthu seteetensesssseneitt ]

Tnat afrer devaliopment, the cate lengtn 2~ *ha2 suriace o0? The
chotoresist was 800nm to 700 nm at +he silicon surface, elthough
iT w25 !'.2 micrcons at the photorasist surfacs. I+ was noticsad
Tna+t for 2 |15 minute sinter a2+ 500C in hycrogen there weas
egppreciable diffusion of silicon info the aluminum. This
phenomenon, which is correctable by proper pad spacing, is
shown in Figure 10 where the large area gate pad forms a sink
for silicon atoms.

The drain characteristics of the planar-process transistor
is shown in Figure 1. The 9, for the planar MESFET was
230 mS/cm giving a calculated f+ of almost 5 GHz. The pinch-
off voltage was -3.85V.
Iti. SUMMARY OF RESULTS

Device results obtained are summarized in Figure (2. Ve

have not yet achieved the results predicted by CUPID, perhaps

Yecause of the following differences between our devices and

T i 2

+those simulated:
1Y The intrinsic SOS regions below our devices (ii)
was not perfectly insulating.
2) Our device channels (ii and ill) were not uniformly
doped.

3) Most important, +he total source-drain distances

- W " . " R
“‘Mh L) X N
bt

in our devices were larger than thoss in *he simula-

+ion.
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V. ADDITIONAL TECHNOLOGICAL POINTS

') Effect of mesa on gate width. The Al gate was fourd -3

a2ck down at the point where it crossed the mesa edge, ==
2 result of the combination of edge and proximity of s<c.rz2
and drain patterns.

This effect was often serious enough Yo cause open gaz~es.
Several phenomena were identvified with these problems, ar:
Were corrected.

(a) After development i+ appeared from an optica:
microscope examination that The photoresist had excessive'ly
necked down. However, a SEM examination of the same rezion
revealed that the necking down was less severe indice~ing
some form of shadowing in the critical region when the protc-
resist was viewed using the optica! microscobe.-

(b) Edge diffraction - it was thought that the shzr:
transition from gate to gate pad diffracted light near +-2%
noint. However, necking down was seen even when that -ezior
is enlarged smoothly.

(¢) When the SD contacts (which are on the same mzas-<
as the G metal) are terminated such that +He gate elec~rzde
must run for several um without being close +to the ST z2-eas,
problems were experienced with the gate thinning dowr z.-s%:2
the region of SD area influence. In order to improvs ~-:z

uniformity of the interaction baetween the SO areas ar:z —-~=

gate during exposure, an asymmetrica! SGD pattern wes :ts.2':cec.

This pattern also had a very gradua! transition from z=2-2

metal to gate pad.

attwe .
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resulved in geve-drain and gate-source shcrt circuits.

was tfound that the effective lateral diffusion of phosphorus

after 15 min at 940°C was around 0.8 o .0 um aﬁd the sheet

resistivity was 23 QU-‘. The diffusion temperature was da-

creased to 875°C giving a sheet resistance ranging from 30 -

12000 and an effective lateral diffusion of 0.3 = 0.5 um.

We have alsoc usaed ion implanted source and drain contacTs

To reduce the lateral diffusion problem. Phosohorus was

o)
implanted at 80 keY into 500 A oxide covered SC5 with a dose

ct 1.5 70 5.0 x IC cm 7.
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"iYYasi rortation and alignmsnt =2r-2rs. The original partern

ure 2 was sensitive tc smez!ll retational misaligamart

(11

cr T2 latzral misalignment which wculd result in the gats

—~

and D being closer To *h2 source (for examp'le

[}
b
t
[
{0
3
(%

Y

.2., cifset gate in favorable direction: but in this casa
“ne gav2 between 52 and D would then be cioser to the drain

where the offset is very unfavo?aﬁ!e:.
This unsatisfactory situation has been solved tv using
tThe transistor topology shown in Figure |3, where any mis-
alignmen® has the same effect on the gate relative to both
sources and drains. However, the rotational problem in
Fig.13 is more severe, i.e., The rotational error between the
diffusion mask and the metal mask needs to be less, than
in Fig. 2. Elimination of rctationel error_has been achieved
5y using the shif+ mask principle in which the diffusion and
the metal masks are combined. In this situation, the whole

sattern of Fig. 13 is diffused into the SOS. A MESA mask

tThen salects the wanted diffused silicon, the rest being

etched awzay. The original mask used in the selective diffusion

is now moved up a distance & with respect to Its original

position so that the gate lies between the diffused SO regions,

and the photoresist is exposed. As the same mask is used

for both diffusion and metallization, rotation error can be

drastically reduced and only two plates are now needed 7o

make the SOS MESFEVs. It has aiso been possible, using an

axtansion of the shift mask idea, to use only 2 plates To make
[

transistors whose SD spacing can be chosen to be 3, 4 or S um

denending only on the amount of shift.

P —
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-2 ooth photomask 2r2dar2~'Zh errors ‘eg, rcTzTion in Ths

s7z22 and repeat) ang To crccassing linear miszlignmer=,

“c-z2tional misaliagnmen® batwsen diffusion 2ng matal imagss
~33 tbeen reduced to a neglitta proportions. {n ac¢diticn, the
’ overall topology is more versatile and allows several different _

“ransistors to be made from the same mask set, which itself

consists of only 2 nlates.

T
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EXTENSICONS OF THIS WCRK
NCcrx is5 current'y under way on:
b)Y Platinum metallisation -~ gold wit! 532 <Zesosited an
slatinum in cortact pad arszas for z0!3 wire bending.
2) SOSFET wiTh VT = 2.0V, with drain ga~es breakdown voltage

of 7.5V with either Al or PT gate.

3) MESFET on laser annealed poly Si uniformly doped to
5 x 10! cm'3, 5000 A thick.

i) Comparison between diffused and implanted source and
drain regions with respect to contacT resistance, side-
ways diffusion and oxide masking.

5) Consideration of processing staps tc be used with electron-

beam-fabricated MESFETs.

VI. CONCLUSIONS

Several technologies have been ysed for the fabrication
of SOS MESFET's for use in the lower microwave frequency
ranges. These technologies result in devices wiith performance
suitable for many applications in this range, and can benefit
from the body of experience acquiraed in the mass-production
of lower-frequency integrated circuits. The sapphirs sub-
strate upon which these devices are constructed is an ideal
low~loss medium for the suppor+ of microstrip or coplanar
lines for distributed circuit+s, and is an 2squally good medium
for the support of lumped elemen+ts, e.g., looo inductors and

interdigitated or MOM capacitors.

I |




The relative cheapness of the S0S material compared ‘o

that, say, of epitaxial GaAs on semi-insulating substrates,

should be considered when evolving IC's for use in the lower

microwave frequency range. Many of the benefifts of GaAs for

microwave IC's lie with the availability of such a substrate,

but the advantage is not exclusively to GaAs once the

availability of sapphire, or other insulating materials upon

which Si can be grown or deposited (e.g., SiOz) is recognized.

Vil.

ADDITIONAL INFORMATION

1) A paper was presented describing our work on uniformly
doped SOSFET's at the SiMESFET Workshop, Boulder, CO,
June 1979. ‘

2) A paper was presented describing our work on planar-
process SOSFET's at the international Electron Devices
Meeting, Washington, DC, Dec. [1979.

3) During the course of this contract two ftrips were

made to Naval Research Laboratory, Washington, DC,

for technical discussions.
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Plangr S35 MESFET
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